When injected into acutely infarcted rodent or pig hearts, naturally secreted nanovesicles known as exosomes from cardiac-derived progenitor cells (CPCs) reduce scar size and improve cardiac function. In this regard, exosomes fully mimic the benefits of injecting their parent cells. This recognition paves the way to the development of exosome-based, cell-free treatments for heart disease that could possibly supplant cellbased therapies. Mechanisms of benefit of these vesicles are incompletely understood but cytoprotection, stimulation of angiogenesis, induction of antifibrotic cardiac fibroblasts, and modulation of M1/M2 polarization of macrophages infiltrating the infarcted region can all play important roles. Accordingly, the beneficial molecules carried by CPC-secreted exosomes have been identified only in part but cytoprotective and proangiogenic microRNAs (miRNA) and proteins have been described. Besides CPC-secreted exosomes, vesicles released from other cell types including mesenchymal stem cells (MSCs), embryonic stem cells (ESCs), and induced pluripotent stem cells (iSPCs) have also been associated with cardioprotection. This review aims to discuss recent advances in our understanding of the role of secreted vesicles in cardiac repair, with a focus on CPC-derived exosomes.
The adult heart hosts a limited number of stem and progenitor cells that exhibit heterogeneous characteristics and fates and have therapeutic potential for cardiac repair and regeneration (1) . Multiple methods have been applied to the prospective isolation of putative stem and progenitor cells from heart tissue. Some of these methods rely on the expression of selectable cell surface markers that have been associated with other stem cell populations, hematopoietic bone marrow stem cells in particular, such as c-kit and stem cell antigen-1 (Sca-1) (2, 3) . Alternate approaches are based on functional properties, such as proliferation and migratory capacity, of cells within heart tissue specimens. When heart tissue explants are cultured ex vivo using the primary tissue culture technique, a cell population migrates out of them within a few days. This population is highly enriched with stem and progenitor cells that exhibit cardiovascular differentiation potential and regenerative activity (4) . It therefore looks like stem/progenitor cells preferentially migrate out of ex vivo cultured cardiac explants, proliferate and establish new populations that can be expandend in vitro. These cells express mesenchymal/stromal stem and progenitor cell markers and exhibit mesenchymal multilineage differentiation capability. Thus, they can be viewed as cardiac-resident mesenchymal/stromal stem/ Review Article Beneficial effects of exosomes secreted by cardiac-derived progenitor cells and other cell types in myocardial ischemia progenitor cells. We have used this technique to derive these cells (5) , here called cardiac-derived progenitor cells (CPCs). It should be emphasized that these cells are inclusive but not exclusively consistent of cardiac progenitor cells, as functionally defined by cardiac fate specification (6) . One other distinction that needs to be preliminarily explained is the one between CPCs and cardiospherederived cells (CDCs). When cultured ex vivo under specific low-adhesion conditions, CPCs spontaneously form spherical aggregates, dubbed cardiospheres, which then give rise to a monolayer of expandable CDCs. Thus, CDCs derive from, but are not identical with, CPCs. Between CPCs and CDCs there is cardiosphere formation, a process associated with cell proliferation and maturational changes including cardiovascular fate commitment as a result of cellcell interactions within these spherical cell aggregates (7) . Here, we use the terms CPCs and CDCs according to the original articles from the literature that are reviewed. When general considerations apply to both cell types, however, the term CPCs is also used as inclusive of CDCs, for the sake of simplicity, as will be apparent below.
Intramyocardial injection of autologous CDCs was shown to be safe and potentially beneficial in a phase-I clinical trial in patients after acute myocardial infarction (MI) (8) and phase-II studies are ongoing. Although CDCs can produce new cardiomyocytes, the actual mechanism of benefit in vivo appears to be indirect: injected cells were not found in the heart at late time points after delivery and, following injection of human CDCs in infarcted mouse hearts, ~90% of newly-formed cardiomyocytes and endothelial cells were of endogenous origin (9) . In another model, c-kit-positive cardiac progenitors injected into injured hearts generated vanishingly few mature cardiomyocytes but stimulated the proliferation of endogenous cells, which persisted for at least 1 year after injury (10) . Thus, exogenous cell delivery seems to enhance endogenous repair via paracrine factors. Current interest in mechanisms of stem cell-mediated cardiac repair therefore is centered on the paracrine hypothesis, which postulates that stem cells secrete beneficial factors that stimulate regeneration and enhance myocardial function. These factors include a wide range of soluble factors released by the conventional and the unconventional secretory pathways, including nanosized membranous extracellular vesicles (EVs) called exosomes, which are released by the unconventional secretory pathway and deliver bioactive molecules to other cells in the heart. Exosome-based mechanisms of stem cell-mediated benefit have recently attracted considerable attention. Glembotski recently phrased this as follows: "The exosomecentric view drives much of the current thinking of those who study of stem cell-mediated repair in the heart" (11) .
Initially thought to be small vesicles by which maturating sheep reticulocytes discard obsolete cellular components (12) (13) (14) , exosomes and other secreted vesicles are now viewed as universal mediators of intercellular communication. Exosomes are nanosized EVs of endosomal origin (15, 16) . All examined eukaryotic cell types secrete exosomes in culture (17) . In vivo, secreted vesicles can be internalized by neighboring cells or circulate in the blood and eventually interact with cells at a distance. EVs carry biologically active molecules such as proteins, lipids, and nucleic acids including mRNA, microRNA (miRNA), long noncoding RNA (lncRNA), and DNA. By delivering nucleic acids to recipient cells, EVs can exchange genetic information between cells (18) (19) (20) (21) . mRNA carried by mouse exosomes was shown to enter human mast cells in vitro, be translated and produce new mouse proteins in these human cells. Quesenberry et al. (22) reported that EVs derived from either the lung or liver entered bone marrow cells in vitro and induced expression of proteins specific for the originating lung or liver tissue. Moreover, we and others have shown that miRNA delivered via exosomes represses target genes in recipient cells (5, (23) (24) (25) (26) .
This review of the literature summarizes recent advances in our knowledge of the cardioprotective and regenerative activities of exosomes secreted by CPCs (CPC exosomes, for short) and CDCs. In addition, recent data on beneficial effects of exosomes released from other cell types including mesenchymal stem cells (MSCs), embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) in cardiac injury models will be briefly mentioned.
Visualization of exosome release from CPCs
Using electron transmission microscopy, Sahoo and Losordo (27) described exosome-like vesicles packed in multivesicular bodies of a CPC in a healthy mouse heart and in the cytoplasm of cardiomyocytes from the left ventricle of a healthy human and from a patient with ischemic heart disease. We similarly provided ultrastructural evidence of exosome-like vesicles released by human cardiospheres in vitro and cells in the mouse heart in vivo (28) . The vesicles exhibited a characteristic lipid bilayer membrane and were 50-100 nm in diameter, the size typically associated with exosomes. Fluorescently labeled human CPC exosomes were taken up by HL-1 myxoma atrial cells in vitro (5) .
Subsequent studies addressed the molecular content and functional activity of CPC exosomes.
Benefits of CPC exosomes in myocardial ischemia and ischemia/reperfusion (IR) injury
In 2010, Lai et al. (29) showed that MSC exosomes injected after myocardial IR injury alleviated myocardial damage. In 2014, we (5) and others [Ibrahim et al. (30) ] independently reported on the beneficial effects of exosomes released from human CPCs and CDCs in rodent MI models, respectively. CPCs were derived from right atrial appendage tissue specimens from patients undergoing heart valve surgery (5), while CDCs were obtained from endomyocardial biopsies from the right ventricular aspect of the interventricular septum from healthy hearts or deceased tissue donors (30) . Secreted vesicles were purified from CPC and CDC conditioned media by centrifugation at 3,000 g to remove cellular debris followed by Exoquick ExosomePrecipitation Solution (System Biosciences), as described elsewhere (31) . Vesicle populations were heterogeneous in diameter [~30-160 nm in the CPC study (5) , ~15-94 nm in the CDC study (30) ] and expressed cell surface (CD63, CD9, CD81) and intracellular (TSG101, Alix) exosome markers. Based on a recent classification by Kowal et al. (16) , small (<200 nm) particles coenriched in CD63, CD81, CD9, and TSG-101 can be categorized as bone fide exosomes. These vesicles reduced stress-induced cardiomyocyte apoptosis in vitro and stimulated tube formation by human umbilical vein endothelial cells (HUVECs) cultured in Matrigel ( Figure 1) . By contrast, exosomes released from human normal dermal fibroblasts as a functionally inert cell type in these MI models lacked these bioactivities. When injected into the infarct border zone of rat hearts 60 min after in vivo coronary artery occlusion, human CPC exosomes improved global heart function ( Figure 2) , decreased infact size, and increased blood vessel density, as compared with dermal fibroblast exosomes (5) . Evidence of benefit of exosomes delivered 60 min after coronary occlusion is of relevance to potential clinical applications, as a 60 to 120 min "pain-torevascularization" time can be achieved in part of the patients undergoing a percutaneous coronary intervention because of an acute coronary syndrome. Similar results were reported after intramyocardial injection of human CDC exosomes in immunodeficient mice (30) . Pharmacological blockade of exosome secretion by GW4869, which inhibits neutral spingomyelinase 2 [nSMase2; a crucial enzyme in exosome secretion (32) ], nullified CDC bioactivity. Exosomes from both CPCs and CDCs were highly enriched with miR-146a, as compared with fibroblast exosomes (5, 30) . Moreover, miR-146a tissue levels were increased in mouse hearts injected with CDC exosomes. miR-146a knockout (KO) mice exhibited impaired heart function, increased scar mass, decreased infarct wall thickness, and worse post-infarct remodeling compared with wild-type mice of the same strain. Injection of a miR-146a mimic at the time of MI was beneficial in miR-146a KO mice. Furthermore, miR-146a-deficient exosomes produced by transfecting parent CDCs with a miR-146a hairpin inhibitor conferred limited protection to cardiomyocytes against oxidant stress (30) . These findings support a cardioprotective role of miR-146a transfer via CDC exosomes.
Using lentiviral knockdown of nSMase2, Lang et al. (32) demonstrated that CDC exosomes contributed to the proangiogenic and promigratory activities of human CDCs in HUVECs while also reducing both apoptosis of cardiomyocytes and proliferation of fibroblasts in vitro. Chen et al. (33) reported that mouse CPC exosomes inhibited cardiomyocyte apoptosis in mouse hearts after IR in vivo. Gray et al. (34) described proangiogenic and antifibrotic activities of mouse CPC exosomes in vitro. Hypoxia stimulated exosome release from CPCs and modified their molecular content, as discussed below. Kervadec et al. (35) showed that CPC-derived EVs recapitulated the beneficial effects of their parent cells in chronic heart failure models.
Gallet et al. (36) recently investigated the benefits of CDC exosomes in a translationally realistic largeanimal model. Pigs subjected to acute MI received human CDC exosomes (or vehicle) by intracoronary or openchest intramyocardial delivery 30 min after reperfusion. Intramyocardial injection of CDC exosomes decreased infarct size from 80%±5% to 61%±12% (P=0.001) and preserved left ventricular ejection fraction (LVEF), whereas intracoronary exosome delivery was ineffective. In a randomized placebo-controlled study of convalescent MI, pigs 4 weeks after MI underwent percutaneous intramyocardial delivery of CDC exosomes (or vehicle). Magnetic resonance imaging performed before and 1 month after treatment revealed that exosomes (but not vehicle) preserved LV volumes and LVEF while also decreasing scar size. Histologically, exosomes decreased LV collagen content and cardiomyocyte hypertrophy while also increasing blood vessel density. Thus, CDC exosomes decreased scarring, halted adverse remodeling, and improved LVEF in porcine acute MI and convalescent MI models; however, intramyocardial delivery was required.
Roles of hypoxia and age on exosome activity
Hypoxia triggers complex adaptive responses in cardiac cells. Changes in the release and activity of CPC exosomes in response to hypoxia have been addressed recently. In a study by Cosme et al. (37) , hypoxia induced significant changes in the secretome, exosome, and whole-cell proteome of cardiac fibroblasts isolated from neonatal mice. In the aforementioned study by Gray et al. (34) , hypoxia enhanced exosome release from mouse CPCs while concomitantly altering their molecular content. Exosomes released from hypoxic mouse CPCs showed increased angiogenic activity and decreased ability to upregulate profibrotic genes in fibroblasts stimulated by transforming growth factor β (TGF-β). Expression of proangiogenic genes, antifibrotic genes, and a cluster of miRNAs was upregulated in hypoxic CPC-exosomes, which alleviated myocardial fibrosis and improved cardiac function after IR in vivo.
Agarwal et al. (38) elavuated the role of donor age and hypoxia of human pediatric CPC exosomes in a rat model of myocardial IR injury. CPC exosomes derived from neonates improved cardiac function independent of culture oxygen levels, whereas CPC exosomes from older children were not reparative unless subjected to hypoxic conditions. Improvement in cardiac function by hypoxic CPC exosomes from older children was associated with increased angiogenesis, reduced fibrosis, and improved hypertrophy. By contrast, normoxic neonatal CPC exosomes improved 
Exo-CPC
A the expression pattern of 804 proteins in neonatal CPC conditioned medium and 513 proteins in adult CPC conditioned medium. A literature-based proteomic network analysis identified that 46 and 6 canonical signaling pathways were significantly targeted by neonatal CPC conditioned medium and adult CPC conditioned medium, respectively. Among them, one leading candidate pathway was heat-shock factor-1 (HSF-1). Modulation of HSF-1 by knockdown in neonatal CPCs or overexpression in adult CPCs significantly altered the quality of their secretome. However, this study primarily analyzed CPC conditioned medium, rather than its exosomal fraction.
Collectively, these findings suggest that neonatal and/or hypoxic CPC exosomes may be more protective than adult normoxic exosomes when delivered after acute MI.
Antiapoptotic effects of CPC exosomes
Although vesicle secretion by CPCs and CDCs is well characterized, the precise target cell type(s) remain(s) undefined. Exosomes from CPCs and CDCs have been shown to exert antiapoptotic effects on cardiomyocytes both in vitro and in vivo (5, 30) . We reported that human CPC exosomes were enriched in miR-210 and miR-132 compared to dermal fibroblast exosomes, which prevented stress-induced apoptosis of cultured HL-1 cardiomyocytes. HL-1 cells cocultured with CPC exosomes exhibited a time-dependent increase in the intracellular concentrations of miR-210 and miR-132, and a repression of the respective target genes. In line with previous data (40) , miR-210 downregulated ephrin A3 and PTP1 (5) . The antiapoptotic effect of CDC exosome-delivered miR-146a on cardiomyocytes was mentioned above (30) . Exogenous miR-146a was shown to suppress IR injury via targeting of Irak-1 and Traf6 (41) , both involved in the Toll-like receptor (TLR) signaling pathway, which may play an important role in the pathology of sterile inflammation, including MI (42) . Infarcted hearts injected with CDC exosomes showed increased miR-146a levels, suppression of Irak1 and Traf6, and decreased proinflammatory cytokines (30) . miR-146a suppressed NOX-4, which has been linked to oxidative stress and cardiac injury (43) , and SMAD4, a member of the TGF-β profibrotic pathway (44) . Recently, Xiao et al. (45) reported that CPC exosomes prevented cardiomyocyte apoptosis via miR-21 transfer by targeting programmed cell death 4 (PDCD4).
Whether genuine cardiac regeneration occurs has been not definitively proven. When injected 21 days after MI in mice, a time point at which myocardial scar is well established, CDC exosomes were still associated with decreases in cardiomyocyte apoptosis and scar size, and increases in viable mass, microvessels density and cardiac function (30) . These findings support genuine regeneration. Additional mechanisms of benefit of exosomes include proangiogenic effects and changes in the secretory profile of fibroblasts as well as M1/M2 macrophage polarization.
Proangiogenic activities of CPC exosomes
We and others have demonstrated proangiogenic activities of CPC exosomes both in vitro and in vivo (5, 30) , as mentioned above. Compared with dermal fibroblast exosomes, human CPC exosomes were enriched in miR-210 and miR-132, which play important roles in angiogenesis and vascular remodeling (40, 46) . We and others reported miR-132mediated RasGap-p120 downregulation and increased tube formation in HUVECs (5, 46) . Vrijsen et al. (47) reported that CPC exosomes stimulated the migration of endothelial cells via their matrix metalloproteinase (MMP) content.
Besides EVs derived from CPCs and CDCs, proangiogenic effects of exosomes secreted by CD34 + stem cells have been investigated. These cells have shown promising results in clinical cell therapy trials of therapeutic angiogenesis in patients with critical limb ischemia (48), refractory angina pectoris (49) , or left ventricular dysfunction post-MI (50). Sahoo et al. (27) reported that exosomes released from human CD34 + stem cells mediated their proangiogenic paracrine activity. When injected into mouse ischemic hindlimb tissue, these exosomes, but not CD34 + stem cell conditioned medium depleted of its exosomal fraction, mimicked the beneficial activity of parent CD34 + stem cells by improving ischemic limb perfusion, capillary density, motor function, and limb amputation rates (51) . Exosomes from CD34 + stem cells were enriched with proangiogenic miRNAs including miR-126-3p. Knocking down miR-126-3p from these exosomes abolished their angiogenic activity both in vitro and in vivo. miR-126-3p was shown to enhance angiogenesis by suppressing the expression of its known target, SPRED1, simultaneously modulating the expression of genes involved in angiogenic pathways such as vascular endothelial growth factor (VEGF), angiopoietin 1, matrix metallopeptidase 9, and thrombospondin 1 in endothelial cells. Proangiogenic activities of exosomes secreted by endothelial cells have also been described (52, 53) .
Collectively, these findings demonstrate significant proangiogenic activities of exosomes released from CPCs, CDCs, CD34 + stem cells, and endothelial cells.
Antifibrotic activities of CDC exosomes
Besides CPCs, cardiomyocytes and endothelial cells, fibroblasts play an important role in cardiac repair. Tseliou et al. (54) reported that CDC exosomes altered the secretory profile of dermal fibroblasts, rendering them antifibrotic, antiapoptotic, and proangiogenic. CDC exosome priming induced the secretion of markedly higher levels of stromal cell-derived factor-1 (SDF-1) and VEGF by fibroblasts while also dramatically changing miRNA profiles of their secreted vesicles. Intramyocardial injection of CDC exosome-primed fibroblasts, unlike unprimed fibroblasts, improved ventricular function and vessel density while also reducing scar mass in rat hearts after chronic MI. These results were viewed as evidence that CDC exosomes may switch inert fibroblasts to cells that contribute to cardiac repair. Most recently, Wang et al. (55) reported that macrophage-derived exosomes containing mir-155 suppressed fibroblast proliferation and promoted fibroblast inflammation during cardiac injury. Collectively, these findings suggest that exosomes may modify cardiac repair via modulation of fibroblast function.
Macrophage polarization by CDC exosomes
Early after acute MI, macrophages migrate into the infarcted region and participate in myocardial healing and inflammation. The balance of M1 vs. M2 polarized macrophages has been shown to influence cardiac repair (56) (57) (58) . Using rat and pig IR injury models, de Couto et al. (59) showed that intracoronary infusion of CDC exosomes, but not inert fibroblast exosomes, reduced the number of CD68 + macrophages within infarcted tissue and modified the polarization state of macrophages. These changes were associated with cellular postconditioning. Expression of proinflammatory genes Nos2 and Tnf was significantly attenuated in cardiac macrophages isolated from CDC exosome-treated animals. In vitro, rat bone marrow-derived macrophages exposed to CDC exosomes exhibited a distinctive shift in macrophage polarization (not observed with fibrolast exosomes), including increased antiinflammatory gene expression levels (Arg1, IL4ra, Tgfb1 and Vegfa, but not Tnf). Reverse pathway analysis of whole-transcriptome data from CDC exosome-primed macrophages implicated miR-181b as a significant candidate mediator of CDC-induced macrophage polarization, and protein kinase C δ (PKCδ) as a downstream target. Otherwise inert fibroblast exosomes loaded selectively with miR-181b altered macrophage phenotype and conferred cardioprotective efficacy in a rat MI model. Adoptive transfer of PKCδ-suppressed macrophages recapitulated cardioprotection.
Pig bone marrow-derived macrophages exposed to CDC exosomes exhibited a similar polarization shift. Thus, CDC exsosomes recapitulated the effects of CDC therapy on cardiac macrophages within infarcted hearts (60-62). Cambier et al. (63) recently reported that the most abundant RNA species in CDC vesicles was a Y RNA fragment (YF1) and that its relative abundance in the vesicles correlated with CDC potency in vivo. The vesicles actively transferred fluorescently labeled YF1 from CDCs to macrophages. Direct transfection of macrophages with YF1 induced transcription and secretion of IL-10. YF1-primed macrophages cocultured with rat cardiomyocytes protected them against oxidative stress through induction of IL-10. In vivo, intracoronary injection of vesicle YF1 after IR reduced infarct size. A fragment of Y RNA, highly enriched in CDC vesicles, was found to alter Il10 gene expression and increase IL-10 protein secretion. Collectively, these findings suggest that CDC-derived vesicles may modulate macrophage polarization and YF1 may mediate this effect.
Exosomes mediate remote ischemic preconditioning
Remote ischemic preconditioning of the heart is induced by brief ischemic insults inflicted on a remote organ or a remote area of the heart before a sustained cardiac ischemia (64) . It has been shown that cardioprotection by remote ischemic preconditioning of the rat heart is mediated by extracellular vesicles including exosomes. In a study by Giricz et al. (65) , coronary perfusates of isolated-perfused rat hearts exposed to 3 × 5-5 min global ischemia and reperfusion, or coronary perfusates depleted of vesicles, were given to another set of recipient isolated hearts. Infarct size was determined after 30 min global ischemia and 120 min reperfusion. Ischemic preconditioning markedly increased vesicle release from the heart. Administration of coronary perfusate from ischemic preconditioning donor hearts reduced infarct size in non-preconditioned recipient hearts, similarly to cardioprotection mediated by ischemic preconditioning on the donor hearts. Vesicle depletion abolished cardioprotection in recipient hearts. Thus, vesicles released from the heart after ischemic preconditioning were required for cardioprotection by remote ischemic preconditioning.
Yamaguchi et al. (66) reported that remote ischemic conditioning alleviated left ventricular remodeling and interstitial fibrosis in the boundary region after MI via exosomes. The protective effect was associated with increased expression of miR-29a, a key regulator of tissue fibrosis, in exosomes and the marginal area of MI. Insulinlike growth factor-1 (IGF-1) receptor, which signals in the cardioprotective IGF-1 signaling pathway, was highly expressed both in the exosomes and remote noninfarcted myocardium after remote ischemic conditioning.
Li et al. (67) reported that remote ischemic preconditioning, to the opposite of IR injury, increased miR-144 levels in mouse myocardium and miR-144 precursor in exosomes. Systemic treatment with miR-144 increased P-Akt, P-GSK3β and P-p44/42 MAPK, and induced early and delayed cardioprotection resulting in improved functional recovery and decreased infarct size similar to that achieved by remote ischemic preconditioning. Conversely, systemic administration of a specific antisense oligonucleotide reduced myocardial levels of miR-144 and abrogated cardioprotection by remote ischemic preconditioning. These results support a role for miR-144 and a possible contribution of miR-144 transported by exosomes in cardioprotection induced by remote ischemic preconditioning.
MSC-mediated paracrine signaling
Cardioprotective activities of MSC exosomes (29) have been mentioned above. Mayourian et al. (68) recently addressed the relative effects of human MSC-mediated paracrine signaling and heterocellular coupling on human cardiac contractility and arrhythmogenicity by integrating experimental and computational approaches. Excitationcontraction simulations of MSC paracrine signaling only and combined heterocellular coupling and paracrine signaling on human cardiomyocytes were representative of human engineered cardiac tissue contractile function measurements. MSC-mediated effects were most pronounced under paracrine signaling-only conditions, where developed force increased approximately 4-fold compared to non-MSC-supplemented controls during physiologic 1-Hz pacing. Simulations predicted contractility of isolated healthy and ischemic adult human cardiomyocytes would be minimally sensitive to MSC-mediated heterocellular coupling, driven primarily by paracrine signaling. Treating human engineered cardiac tissue with exosomes-enriched, but not exosomes-depleted, fractions of the human MSC secretome recapitulated the effects observed with human MSC conditioned media on human engineered cardiac tissue developed force and expression of calcium handling genes (e.g., SERCA2a, L-type calcium channel). These results provide novel insights into the role of exosomes in human MSC paracrine-mediated effects on contractility.
Cardioprotection by ESC-derived exosomes
Khan et al. (69) addressed the effect of mouse ESC-derived exosomes for the repair of ischemic myocardium and whether c-kit + CPC function can be enhanced with these vesicles. ESC exosomes enhanced neovascularization, CPC survival, proliferation and cardiac commitment, along with an increase in cardiac function and a decrease in fibrosis post-MI. The number of c-kit + CPCs was increased 8 weeks after in vivo ESC exosome transfer, and formation of bona fide new cardiomyocytes in the ischemic heart was reported. miRNA arrays revealed significant enrichment of miR290-295 cluster and particularly miR-294 in ESC exosomes. The investigators linked the beneficial effect of ESC exosomes to delivery of ESC-specific miR-294 to CPCs promoting survival, cell cycle progression, and proliferation. The regenerative ability of ESC exosomes has not been directly compared to that of vesicles derived from adult cells.
Cardioprotection by exosomes from iPSC
iPSC culture medium was shown to improve alveolar epithelial wound repair in a lung epithelial wound-healing model and reduce lung fibrosis in vivo (70) . The therapeutic potential of exosomes from iPSCs and their derivatives for treatment of heart disease has been discussed recently (71) . Wang et al. (72) reported that iPSC exosomes protected cardiomyocytes against H 2 O 2 -induced oxidative stress by inhibiting caspase3/7 activation and attenuated myocardial IR injury in mice via delivery of cardioprotective miRNAs including miR-21 and miR-210. Bobis-Wozowicz et al. (73) showed that microvesicles from hiPSCs were able to deliver bioactive molecules, including mRNA, miRNA, and proteins to human cardiac mesenchymal stromal cells and exert protective effects by affecting their transcriptomes and proteomic profiles, and by promoting cardiac and endothelial differentiation of these cells. Besides iPSC exosomes, exosomes secreted by iPSC-derived MSCs have been investigated. The latter improved local angiogenesis in a limb ischemia mouse model and attenuated hepatic IR injury possibly via anti-inflammatory, anti-oxidant, and anti-apoptotic activities (74, 75) . These findings exemplify the therapeutic potential of iPSC exosomes and EVs from iPSC-derived MSCs.
Cardioprotection by exosomes from iPSC-derived cardiomyocytes
The ability of ESC-derived and iPSC-derived cardiomyocytes to mitigate ischemic myocardial injury and improve cardiac function after MI has been demonstrated in animal models (3, 76) . This approach uses autologous cells, thus avoiding alloimmune rejection. iPSC-derived cardiomyocytes from human placenta amniotic MSCs engrafted successfully in immunocompetent SVJ mice and improved myocardial viability and cardiac function after MI (77, 78) . These exosomes transported several upregulated miRNAs, including miR-92a which has been associated with antiapoptotic, proangiogenic, and antifibrotic effects. Lee et al. (79) compared ESC-derived cardiomyocytes and iPSC-derived cardiomyocytes with respect to their ability to restore cardiac function in a rat MI model, as well as their exosomal secretome. Both cell types injected into nude rats post-MI comparably improved cardiac function. Both groups contained an identical repertoire of miRNAs and lncRNAs, including some that are known to be cardioprotective. Thus, exosomes from iPSCderived cardiomyocytes could replace those from ESCderived cardiomyocytes in therapeutic applications, making autologous approaches possible.
Pathophysiological mechanisms involving exosomes
It should be pointed out that exosomes may participate in both beneficial and pathophysiological processes, depending on their cells of origin and the functional status of these cells. For example, Halkein et al. (80) showed that miR-146a-rich exosomes secreted by endothelial cells were taken up by cardiomyocytes and induced contractile dysfunction in a post-partum cardiomyopathy model. As mentioned above, miR-146a transferred via CPC exosomes has been tied to cardioprotection (30) . Thus, an individual miRNA transferred via exosomes from different parent cells and/ or under different environmental conditions may elicit divergent biological responses. Bang et al. (81) reported that cardiac fibroblast-derived miRNA passenger strandenriched exosomes were able to mediate cardiomyocyte hypertrophy. Jiang et al. (82) showed that exosomes purified from serum of pediatric dilated cardiomyopathy patients induced pathological changes in gene expression in neonatal rat cardiomyocytes and human iPSC-derived cardiomyocytes with similar directionality as in diseased hearts, and that serum of such patients induced pathological hypertrophy in cells. Finally, Wang et al. (83) reported that exosomes secreted by cardiomyocytes from adult Goto-Kakizaki rats, a commonly used animal model of type 2 diabetes, inhibited proliferation, migration, and tube-formation by mouse cardiac endothelial cells in a miR-320-dependent manner while exosomes secreted by cardiomyocytes from control Wistar rats induced opposite effects. More studies of the contributions of exosomes to cardiovascular diseases are warranted.
Concluding remarks
Collectively, accumulating experimental evidence indicates beneficial effects of exosomes released from CPCs and other cell types in ischemic heart disease. These exosomes essentially recapitulate the therapeutic bioactivities of their cells of origin suggesting that vesicle-based, cellfree treatments have a potential for supplanting cellbased therapies in the near future. Concomitantly, pathophysiological roles of exosomes in cardiovascular disease also need to be investigated.
